We present implantable silicon neural probes with nanophotonic waveguide routing networks and grating emitters for light sheet imaging. Fluorescein beam profiles, fluorescent bead imaging, and fluorescence brain imaging in vivo are presented. Light sheet microscopy is a powerful technique for high speed volumetric fluorescence imaging [1, 2] . Conventional light sheet microscopes require macroscopic lenses and objectives for excitation and emission, and these must be positioned at 90° to one another. This has restricted their application to small, quasi-transparent organisms (e.g., larval zebrafish, drosophila embryo, C. elegans) and cleared mammalian brains [2] . Light-sheet microscopy has been extended to applications in vivo in mammalian brains via miniaturized optics to create implantable probes that generate light sheets within tissue. Critical requirements for such an approach are: 1) the light sheet must illuminate tissue parallel to the brain's surface, and 2) the optics must be sufficiently small to permit generation of light within, or in close proximity to, the collection field-of-view. A miniature light-sheet illumination probe employing a fibercoupled GRIN lens and a micro-prism has enabled creation of a light sheet beneath a second GRIN lens used for fluorescence collection, but only generated a single light sheet [3] . Further, the lateral prism dimensions (≈1mm) required significant tissue removal to permit its insertion. More recently, a chip-scale probe for light-sheet formation had employed a grating coupler (GC) that emits light into a glass spacer block with a metallic slit lens [4] . Here again, only one sheet was generated, and probe thickness (>100µm) was large compared to silicon probes [5, 6] .
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Light sheet microscopy is a powerful technique for high speed volumetric fluorescence imaging [1, 2] . Conventional light sheet microscopes require macroscopic lenses and objectives for excitation and emission, and these must be positioned at 90° to one another. This has restricted their application to small, quasi-transparent organisms (e.g., larval zebrafish, drosophila embryo, C. elegans) and cleared mammalian brains [2] . Light-sheet microscopy has been extended to applications in vivo in mammalian brains via miniaturized optics to create implantable probes that generate light sheets within tissue. Critical requirements for such an approach are: 1) the light sheet must illuminate tissue parallel to the brain's surface, and 2) the optics must be sufficiently small to permit generation of light within, or in close proximity to, the collection field-of-view. A miniature light-sheet illumination probe employing a fibercoupled GRIN lens and a micro-prism has enabled creation of a light sheet beneath a second GRIN lens used for fluorescence collection, but only generated a single light sheet [3] . Further, the lateral prism dimensions (≈1mm) required significant tissue removal to permit its insertion. More recently, a chip-scale probe for light-sheet formation had employed a grating coupler (GC) that emits light into a glass spacer block with a metallic slit lens [4] . Here again, only one sheet was generated, and probe thickness (>100µm) was large compared to silicon probes [5, 6] .
Here, we present implantable, ultra-thin, shank-based, silicon probes employing nanophotonic silicon nitride (SiN) waveguides for light sheet microscopy in vivo. These novel probes are capable of generating five light sheets, and permit fast (~10ms) switching times between the sheets (limited by external optics). The probe operation has been tested in fluorescein, an agarose block with fluorescent beads, and in vivo in Thy1-GCaMP6s mice.
A schematic of our probes and an illustration of light sheet formation are shown in Figs. 1a-b. Light is coupled onto the chip via fiber-to-chip edge couplers, a SiN waveguide routing network then splits this light into eight waveguides, which route it along the shanks and ultimately deliver it into grating-coupler (GC) emitters (Fig.  1c-d ) that emit the light. The GC output divergence along the vertical axis in Fig. 1b is set by the grating strength. We have previously shown that SiN GCs form narrow beams along this axis, with lateral profiles ~ 10µm full width at half maximum (FWHM) [5] . Along the horizontal axis of Fig. 1b , the divergence is set by the width of the GC, with narrow (wide) GCs forming high (low) divergence beams. Emission profiles similar to Fig. 1b are possible via GC widths < 1.5µm. The overlapping emission of multiple GCs synthesizes a light sheet with uniformity and spatial extent dictated by shank pitch and GC divergence. Similar to the approach in [7] , the probe is coupled to a fiber image bundle, and a MEMS mirror-scanning system spatially addresses each on-chip edge coupler via the different cores (Fig. 1g) . The probes were fabricated using the methods in [5] ; the shanks were ~18µm thick, and the SiN waveguide thickness is 200nm.
To characterize light sheet uniformity, the probe is immersed in fluorescein (Fig. 1f) . In the initial 150µm of propagation, the GC emissions have not yet merged; this results in the observed intensity variations. At propagation distances between 150-350µm, intensity variations are < 2.5x over the 360µm sheet width. In scattering media, the propagation distance at which the GC emissions merge should be closer. The side-micrographs in fluorescein (Fig.  1h) do not accurately represent sheet thickness due to the sheet extending beyond the depth of focus; however, our simulations indicate thicknesses < 10µm FWHM can be achieved. We test fluorescence imaging by inserting the probe into an agarose block containing 10µm diameter fluorescent beads (Fig. 1e ) and illuminate it with light sheets oriented parallel to the block's top surface. Induced fluorescence (via 488nm excitation) is collected by an epifluorescence microscope positioned above the probe and agarose block. An electrically-tunable lens attached to the back of the objective provides fast focus adjustment that spans several light-sheet planes. Fig. 2a compares images captured with four light sheets against an epifluorescence image (microscope epi-illumination, with no probe output). Light sheet illumination eliminates out-of-focus beads and demonstrates planar optical sectioning.
Our initial in vivo test of the light-sheet probe is shown in Figs. 2b-c. A probe was inserted into the parietal cortex of an anesthetized Thy1-GCaMP6s mouse [8] at depths < 200µm. Fluorescence was collected with an epifluorescence microscope, and a comparison was made between probe-based and epifluorescent illumination. The light-sheet probes enhance the contrast of the neurons; the contrast enhancement is 2 -3.5x for the neurons corresponding to the yellow arrows in Figs. 2b-c. Figure 2d shows the extracted time-dependent fluorescence due to probe illumination from the activity of the neuron marked by the red arrow in Fig. 2(c) .
In conclusion, we have developed and validated novel, implantable, nanophotonic light-sheet neural probes that circumvent the incompatibility of conventional light-sheet microscopes with in vivo brain imaging. Combining these probes with GRIN lenses or fiber endoscopes [3, 9] for fluorescence collection will enable deep-brain lightsheet imaging. High-speed volumetric functional imaging using multiple sheets is currently being characterized.
